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INTRODUCTION

Pilocytic astrocytomas are the second most common tumor seen in individuals with
Neurofibromatosis Type 1 (NF1) with approximately 15% of children affected by NF1
exhibiting optic pathway gliomas'~. As previously shown for other tumor pre-disposition
syndromes, individuals with NF1 begin life with one mutated and one functional copy of
the NfI gene. NfI encodes a novel tumor suppressor protein named neurofibromin that
acts as a GTPase activating protein to functionally inactivate Ras molecules®’. While
much has been learned about how neurofibromin inactivates Ras, only recently has effort
been spent dissecting the numerous downstream signaling pathways affected by NfI loss.
Specifically, little is known about the role of neurofibromin in regulating cell growth,
increases in protein production, and how this might effectively manipulate astrocyte
proliferation. A recent study demonstrated that nucleophosmin (NPM) was highly
expressed in NfI-deficient astrocytes along with numerous other ribosomal biosynthesis
proteinsg. NPM is a nucleolar proto-oncogene whose expression is tightly regulated by
growth factor signals™’. Additionally, NPM mRNA contains a signature 5’-terminal
oligo-pyrimidine tract that responds to S6K signals for its active translation, placing NPM
downstream of the mTOR/S6K cascade''. Increasing efforts have been placed on
identifying the biological role of NPM in promoting cell growth and proliferation. To this
end, several groups have reported that NPM is the target of the nucleolar ARF tumor
suppressor, underscoring the importance of NPM in promoting cell growth'*'*. ARF
inhibits both the ribosome processing and nuclear export functions of NPM to induce
proliferative arrest, providing insights into the critical growth-promoting functions of
NPM'*"*. Nuclear export of NPM requires a conserved Crm1 motif and, although we have
not published these preliminary data, mutation of two leucine residues to alanines at
positions 42 and 44 results in the nuclear retention of NPM. We propose to evaluate the
role of aberrant S6K/NPM activities on NfI-null astrocyte growth and proliferation.

The purpose of this study is demonstrate the impact of aberrant NPM expression on
astrocytes lacking NfI in order to more completely understand the growth and proliferative
advantages bestowed upon these cells. The specific aims of this project are to 1) determine
whether loss of NfI results in NPM-directed increases in ribosome production and 2)
examine the sensitivity of NPM-overexpressing NfI-null astrocytes to S6K inhibition.
Since NPM has been shown to be overexpressed in the absence of neurofibromin, we
propose that increases in NPM will augment ribosome biogenesis. We have generated a
dominant negative NPM mutant that suppresses nuclear export of the ribosome in wild-
type mouse embryonic fibroblasts. Using this novel export inhibitor, we will determine
whether NPM directs nuclear export of ribosomes in astrocytes. Additionally, we will
determine the contribution of hyperactivated S6K to increases in NPM expression,
ribosome export and growth in NfI-deficient astrocytes. This could reveal a novel
therapeutic pathway responsible for regulating Nf7-null cell growth and proliferation.

We have obtained NfI-null astrocytes and have used these cells for in vitro manipulations
involving retroviral infection, Nucleofector' ™ transduction, cell growth and proliferation
assays, and Western and Northern blot analysis. We have frequently performed all of the
assays outlined in the Statement of Work including ribosomal RNA export, labeling of



newly synthesized ribosomal RNAs, S6K activity assays, BrdU incorporation into
replicating DNA, flow cytometry for DNA analysis, and proliferation assays. We are in
possession of the NPM export mutant as well as the dominant negative S6K construct. We
believe that the insights gained from this study will greatly improve our understanding of
the mechanism(s) by which neurofibromin loss promotes cell growth and proliferation.
This work, although performed in primary astrocytes, could be translated into any number
of cell systems implicated in NF1 due to its mechanistic and evolutionary conservation. In
addition, our results will open up a new generation of targets aimed at disrupting aberrant
protein translation networks that appear to go awry during Neurofibromatosis.

BODY

Neurofibromatosis type 1 (NF1) is a common autosomal dominant tumor predisposition
syndrome in which affected individuals develop astrocytic brain tumors (gliomas). To
determine how the NFI gene product (neurofibromin) regulates astrocyte growth and
motility relevant to glioma formation, we have employed NfI-deficient primary murine
astrocytes. NfI-/- astrocytes exhibit increased protein translation and cell proliferation®,
which are mediated by Ras-dependent hyperactivation of the mammalian target of
rapamycin (mTOR) protein, a serine/threonine protein kinase that regulates ribosomal
biogenesis, protein translation, actin cytoskeleton dynamics, and cell proliferation. In this
study, we demonstrate that Nf/-deficient astrocytes have fewer actin stress fibers and
exhibit increased cell motility compared to wild-type astrocytes, which are rescued by
pharmacologic and genetic mTOR inhibition. We further show that mTOR-dependent
regulation of actin stress fiber formation, motility, and proliferation requires rapamycin-
sensitive activation of the Racl GTPase, but not 4EBP1/S6K. NfI-/- astrocytes also exhibit
increased protein translation and ribosomal biogenesis through increased expression of the
nucleophosmin (NPM) nuclear-cytoplasmic shuttling protein. We found that NPM
expression in NfI-/- astrocytes was blocked by rapamycin in vitro and in vivo, and that
expression of a dominant-negative NPM mutant protein in NfI-/- astrocytes rescued actin
stress fiber formation and restored cell motility and proliferation to wild-type levels.
Together, these data demonstrate that neurofibromin regulates actin cytoskeleton dynamics
and cell proliferation through an mTOR/Racl-dependent signaling pathway and identify
NPM as a critical mTOR effector mediating these biologic properties in NfI-deficient
astrocytes. This data will be discussed in detail below.

First, we demonstrate that primary astrocytes lacking Nfl exhibit enhanced cytoplasmic
polysomes, ribosomes actively translating mRNAs (Figure 1). This experiment was
performed exactly as outlined in our Statement of Work, Task 1. Astrocytes from wild-
type and Nfl-deficient mice were plated in equal numbers, lysed and separated over
sucrose gradients. The gradient was then analyzed by constant UV monitoring to
determine where the rRNA fractions separated. A trace of this analysis is shown in Figure
1 and allows us to accurately measure the relative amounts of cytosolic ribosomes for each
setting.
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Second, in order to answer the question proposed in the second part of Task 1, we
determined that the increase in polysome formation in Nf7-deficient cells required
functional NPM. Overexpression of NfI-null astrocytes with a shuttling defective,
dominant negative NPM mutant (NPMdL) resulted in a nearly complete inhibition of
polysome content (Figure 2).
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The final experiment outlined in Task 1 of our Statement of Work involved understanding
the contribution of NPM function to the enhanced proliferation of Nf/-deficient astrocytes.
In order to answer this extremely important question, we again transduced astrocytes with
the NPMdL dominant negative mutant. Similar to the inhibition of polysome formation in
Nf1-/- astrocytes transduced with NPMdL, expression of the NPMdL mutant also inhibited
proliferation of NfI-null astrocytes (Figure 3), suggesting that NPM nuclear export
functions are absolutely required for enhanced NfI-/- astrocyte proliferation. These results
completed our analysis of ribosome content in cells lacking neurofibromin and also
completed all of the experiments described in Task 1 of the Statement of Work.
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For Task 2 of our Statement of Work, we had hypothesized that S6K1 acted downstream
of mTOR to induce NPM expression and subsequent increases in polysome content in the
absence of neurofibromin. However, our initial experiments provided evidence that S6K1
was not the upstream regulator of NPM. First, we determined that NPM expression in vivo
was sensitive to rapamycin (Figure 4), indicating that mTOR is an upstream activator of
NPM expression.
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Figure 4. Nucleophosmin expression is regulated by mTOR signaling in vivo.
Phospho-S6 and NPM are expressed at low levels in wild-type murine optic nerve (NfIy),
but are dramatically increased in a murine model of optic glioma (Nf1pmu, GFAP-Cre), as
shown by immunohistochemistry. Following rapamycin treatment in vivo, both NPM and
P-S6 expression are decreased in the mouse optic gliomas. Scale bar=200 um (10X).



Second, using a retroviral transduction system, we set out to determine the contribution of
S6K1 to NPM expression in astrocytes. We reasoned that by overexpressing activated
S6K1 in wild-type astrocytes, we should be able to push NPM expression to levels seen in
Nfl-deficient astrocytes. This would show that S6K1 was the critical upstream regulator
of NPM expression in astrocytes and could provide a novel target for inhibition in NfI-
deficient astrocytes. However, overexpression of S6K1 in wild-type astrocytes did not
result in an increase in NPM protein expression (Figure 5A) even though it was still
capable of phosphorylating S6.
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Figure 5. NPM expression is regulated by Raclni7, but not S6K, in NfI-/- astrocytes.
(A) Overexpression of the mTOR downstream target S6K in wild-type astrocytes did not
result in an increase in NPM expression. Phosphorylation of the S6K target ribosomal S6,
but not total S6 protein, was increased in astrocytes overexpressing S6K. (B) Expression of
Raclni7 in NfI-/- astrocytes decreases NPM expression, but does not attenuate S6
phosphorylation.

Even though this answered one of our major questions for Task 2, we could not move
forward in our analysis of S6K1 as previously proposed, because it simply had no effect on
NPM expression in astrocytes. This is strike contrast to its ability to regulate NPM
expression in fibroblasts'*. So we took a new approach to completing experiments for
Task 2. Racl is a common target of the mTORC2 complex and we had generated
preliminary data with Dr. David Gutmann suggesting that actin cytoskeletal changes (see
attached paper) were regulated by loss of NfI and increased NPM expression. Many of
these changes can be attributed to Racl given its ability to regulate the actin cytoskeleton.
We also hypothesized that Racl might also regulate NPM expression in cells lacking Nf1.
Indeed, NfI-/- astrocytes transduced with a dominant negative Racl mutant (Rac1™'")
displayed severe attenuation in NPM protein expression (Figure 5B), suggesting that Racl
is responsible for regulating NPM expression in cells lacking Nf1.

Additional data and findings can be found in the appendices. Overall our findings point to
NPM as a novel mediator of pro-growth, -proliferation, -motility, and —cytoskeleton
changes in astrocytes lacking NfI. These findings should provide a unique target in NPM
for future studies into the therapeutic potential of targeting NPM function in
Neurofibromatosis.



KEY RESEARCH ACCOMPLISHMENTS

¢ Identification of NPM as a neurofibromin target

e Characterization of NPM as a required protein for the phenotypes observed in
Neurofibromatosis

e Identification of rapamycin as a potential therapeutic agent for Neurofibromatosis

REPORTABLE OUTCOMES

e Sandsmark, D.K., Zhang, H., Hegedus, B., Pelletier, C.L., Weber, J.D. and
Gutmann, D.H. (2007). Nucleophosmin mediates mammalian target of rapamycin-
dependent actin cytoskeleton dynamics and proliferation in neurofibromin-deficient
astrocytes. In press, Cancer Research.

e Scheidenhelm, D.K., Pelletier, C.L., Weber, J.D. and Gutmann, D.H. (2007).
Mammalian target of rapamycin: master regulator of cell growth in the nervous
system. In press, Histology and Histopathology.

e Patent Application: No. 11/478,474 for Methods for Treating Neurofibromatosis

CONCLUSIONS

This proposal was designed to determine the role of NPM in the proliferation of
NfI-/- astrocytes. To this end, we now provide evidence that NPM protein expression
is elevated in NfI-/- cells and that this up-regulation is completely abrogated by
rapamycin treatment. Interestingly, induction of NPM through NfI loss was not
regulated by S6K but rather by Rac signal transduction. This is in contrast to NPM
pathway regulation in fibroblasts where NPM protein induction is completely
dependent on S6K activities'*. Additionally, we now know that NPM regulates
cytoskeletal changes in NfI/-deficient astrocytes. While we are not yet certain as to
whether these effects are directly regulated by NPM proteins, we have now shown that
nucleocytoplasmic shuttling of NPM is required for all of the biological effects of
NPM (growth, proliferation and cytoskeletal changes) on NfI-/- astrocytes. Taken
together, our data now provides a compelling foundation for the further analysis of
NPM as a potentially new therapeutic target in Neurofibromatosis.
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ABSTRACT

Neurofibromatosis type 1 (NF1) is a common autosomal dominant tumor predisposition
syndrome in which affected individuals develop astrocytic brain tumors (gliomas). To determine
how the NFI gene product (neurofibromin) regulates astrocyte growth and motility relevant to
glioma formation, we have employed Nf7-deficient primary murine astrocytes. NfI-/- astrocytes
exhibit increased protein translation and cell proliferation, which are mediated by Ras-dependent
hyperactivation of the mammalian target of rapamycin (mTOR) protein, a serine/threonine
protein kinase that regulates ribosomal biogenesis, protein translation, actin cytoskeleton
dynamics, and cell proliferation. In this study, we demonstrate that Nf7-deficient astrocytes have
fewer actin stress fibers and exhibit increased cell motility compared to wild-type astrocytes,
which are rescued by pharmacologic and genetic mTOR inhibition. We further show that
mTOR-dependent regulation of actin stress fiber formation, motility, and proliferation requires
rapamycin-sensitive activation of the Racl GTPase, but not 4EBP1/S6K. NfI-/- astrocytes also
exhibit increased protein translation and ribosomal biogenesis through increased expression of
the nucleophosmin (NPM) nuclear-cytoplasmic shuttling protein. We found that NPM
expression in NfI-/- astrocytes was blocked by rapamycin in vitro and in vivo, and that
expression of a dominant-negative NPM mutant protein in NfI-/~ astrocytes rescued actin stress
fiber formation and restored cell motility and proliferation to wild-type levels. Together, these
data demonstrate that neurofibromin regulates actin cytoskeleton dynamics and cell proliferation
through an mTOR/Rac1-dependent signaling pathway and identify NPM as a critical mTOR

effector mediating these biologic properties in Nf7/-deficient astrocytes.



INTRODUCTION

Neurofibromatosis type 1 (NF1) is one of the most common autosomal dominant tumor
predisposition syndromes, affecting approximately 1 in 3000 people worldwide. Individuals with
NF1 develop tumors involving both the peripheral and central nervous systems. Neurofibromas, the
benign Schwann cell tumor for which the disorder is named, are seen in 85-95% of adults with NF1 ,
whereas in children, the most common tumor is an astrocytic neoplasm (glioma) involving the optic
pathway (1). Although NF1-associated OPGs typically exhibit low proliferative indices, they can be
locally invasive and infiltrate into normal brain structures to result in significant morbidity.

The observation that individuals with NF1 are predisposed to develop astrocytic tumors
suggests that the NF'/ gene product, neurofibromin, is a critical regulator of astrocyte growth. In
this regard, neurofibromin functions as a Ras GTPase activating protein (GAP) to negatively regulate
the Ras proto-oncogene by accelerating the conversion of Ras from a GTP-bound active form to a
GDP-bound inactive form (2). Consistent with the role of neurofibromin as a Ras-GAP, loss of
neurofibromin expression in human NF 1-associated tumors as well as in cells derived from NfI-
deficient mice results in hyperactivation of Ras and downstream Ras targets, including mitogen
activated protein kinase (MAPK), RAF, and Akt (3-6).

To study the role of neurofibromin in astrocyte growth regulation and glioma formation,
our laboratory has developed several murine models of NF1-associated neurologic disease by
conditionally inactivating NfI expression in brain astrocytes (7-9). Studies of these genetically-
engineered mouse models and derivative astrocytes have revealed that NfI-/~ astrocytes have
several unique biologic properties. First, NfI-/- astrocytes exhibit increased cell proliferation
both in vitro and in vivo (8, 10). This increase in astrocyte proliferation requires Ras-dependent

hyperactivation of the mammalian target of rapamycin (mTOR), a serine/threonine protein



kinase that regulates ribosomal biogenesis, protein translation, and cell growth/proliferation. In
support of this finding, NfI-/- fibroblasts and malignant peripheral nerve sheath tumors derived
from NF1 patients exhibit Ras-dependent mTOR pathway hyperactivation (11), indicating that
mTOR is an important downstream effector of neurofibromin signaling. Second, NfI-/- primary
astrocytes exhibit a two-fold increase in cell motility that is associated with hyperactivation of
the small GTPase Racl (9). Similarly, NfI-/- Schwann cells have enhanced chemokinetic and
chemotactic migration compared to wild-type controls (12). Third, NfI-/- astrocytes demonstrate
an eight-fold increase in protein synthesis rates associated with increased expression of
ribosomal proteins, including the nuclear-cytoplasmic shuttling protein nucleophosmin (NPM;
10). Consistent with a role for neurofibromin in regulating protein synthesis and ribosomal
biogenesis, the increased protein translation rate in NfI-/- astrocytes is completely rescued by
treatment with the mTOR inhibitor rapamycin.

In this study, we sought to define the molecular signaling events that underlie the
increases in cell proliferation and cell motility characteristic of NfI-/- astrocytes. In addition to
regulating astrocyte proliferation, we find that mTOR regulates actin stress fiber formation and
astrocyte motility, indicating that mTOR 1is an important regulator of actin cytoskeleton
dynamics in astrocytes. We demonstrate that Rac1 functions downstream of mTOR to regulate
actin stress fiber formation, astrocyte motility, and astrocyte proliferation. We identify
nucleophosmin (NPM) as a critical target of mTOR signaling both in vitro and in vivo, and show
that mMTOR/Rac1 signaling is required for the increased expression of NPM in NfI-/- astrocytes
in vitro and in vivo. Moreover, we demonstrate that NPM regulates NfI-/- astrocyte actin stress
fiber formation as well as NfI-/- astrocyte motility and proliferation in vitro. Together, these

data identify a unique, mMTOR-dependent signaling pathway that regulates actin cytoskeleton



dynamics and cell proliferation in astrocytes and suggests that targeting these signaling
intermediates may be useful for treating disorders characterized by mTOR pathway

hyperactivation.

MATERIALS AND METHODS

Mice. NfF mice were generously provided by Dr. Luis Parada (University of Texas
Southwestern, Dallas, TX) and maintained as continuous breeding colonies by intercrossing (13).
To conditionally inactivate NfI in astrocytes and to generate the Nf7 optic glioma model
(NfI"™.GFAP-Cre mice), Nf"/ mice were crossed with mice expressing Cre recombinase under
the control of the human 2.2kb GFAP promoter as previously described (7, 8). Mice were used
in accordance with established animal studies protocols at the Washington University School of

Medicine.

Primary astrocyte cultures. Murine neocortical astrocyte cultures were generated from postnatal
day 2 NfI"’ pups as described previously (9) and maintained in astrocyte growth media (DMEM
containing 10% fetal bovine serum and antibiotics). This method generates cultures that consist
of >97% GFAP-immunoreactive astrocytes. To inactivate the NfI gene, NI/ astrocytes
(passage 1) were treated with adenovirus (Ad5) encoding Cre recombinase (University of lowa
Gene Transfer Vector core, lowa City, IA). Wild-type astrocytes were treated identically with an

adenovirus encoding LacZ. Four days after Cre adenovirus treatment, neurofibromin could no



longer be detected by Western blot (data not shown; (9). Astrocytes were analyzed at passage 2

(12-15 days after dissection).

Pharmacologic inhibitors. Rapamycin (Sigma, St. Louis, MO) was used at a concentration of
10 nM. Leptomycin B (Calbiochem, San Diego, CA) was used at a concentration of 20 ng/mL.

All pharmacologic treatments were for 16-18 hours unless otherwise indicated.

Cell motility. Transwell Boyden chambers with 0.8 uM membranes (Costar, Corning, NY) were
employed to measure astrocyte motility (9). Matrigel (BD Biosciences, Bedford, MA) was
added to the inside of the transwell and allowed to solidify at room temperature. Astrocytes
were plated in triplicate transwells on the opposite side of the membrane and allowed to adhere
for 1 hour. The transwells were rinsed in PBS and maintained in astrocyte growth media. The
astrocytes were allowed to migrate towards the Matrigel for 48 hours followed by fixation of the
membranes in 100% methanol for 30 minutes at -20°C. The membranes were stained with
hematoxylin, rinsed, and dried prior to mounting on a glass slide for counting. For each
membrane (3 per condition), 3 representative areas were counted at 40X magnification. Each

experiment was repeated three times with identical results.

Cell proliferation. Astrocytes were plated (60,000 cells/well) in 24 well dishes on glass
coverslips and allowed to adhere for 24 hours. Astrocytes were rinsed twice in serum-free
DMEM and maintained in serum-free DMEM for 24 hours before exposure to BrdU (Sigma; 10
pg/mL) or *H-thymidine (1 pCi/pl) for 16 hours. Astrocytes exposed to BrdU were fixed for

immunocytochemistry using antibodies against BrdU (Abcam; 1:200) and GFAP (Sigma; 1:200).



H-thymidine incorporation was determined by scintillation counting as previously described

(10).

Immunocytochemistry. Astrocytes (passage 2) were plated in triplicate on glass coverslips in 24
well plates (60,000 cells/well) in astrocyte growth media. After 24 hours, astrocytes were rinsed
twice and incubated in serum-free media for 18-24 hours. Pharmacologic inhibitors were added
as indicated. Astrocytes were fixed in 3.7% formaldehyde, permeabilized with 0.1% Triton X-
100, and blocked in 10% goat serum/1% BSA in PBS at 37°C. To identify focal adhesions,
astrocytes were incubated with a vinculin monoclonal antibody (1:2500; Sigma) in 1% BSA in
PBS overnight at 4°C. Alexa568-conjugated anti-mouse IgG secondary antibody (1:1000;
Molecular Probes, Carlsbad, CA) was used for detection. To identify the actin cytoskeleton,
astrocytes were incubated with BODIPY -phalloidin or Phalloidin-Alexa568 (Molecular Probes)
for 20 minutes in the dark. Nuclei were counterstained with DAPI. Representative
photomicrographs were obtained using a fluorescence microscope (Nikon Eclipse TE300

inverted microscope, Japan) equipped with a digital camera (Optronics, Goleta, CA).

Western blotting. Astrocytes were serum-starved overnight, harvested by scraping in PBS, and
lysed in NP40 lysis buffer (0.5% NP40, 150 mM NacCl, 50 mM Tris pH 7.6, 1 mM DTT) with
protease inhibitors. Western blotting was performed as previously described (14). All
antibodies are from Cell Signaling Technology (Danvars, MA) and used at a 1:1000 dilution
unless otherwise noted. Primary antibodies recognizing Racl (clone 23A8, Upstate
Biotechnology, Charlottesville, VA; 1:500), phospho-S6 (#2215), S6 (#2217), phospho-4EBP1

(#9459), 4EBP1 (#9452), phospho-Akt (#1140), Akt (#9272), phospho-PKCa (#9375), PKCa



(sc-208; Santa Cruz Biotechnology, Santa Cruz, CA; 1:500), mTOR (#2972), and
nucleophosmin (Zymed, Carlsbad, CA). HRP-conjugated secondary antibodies were purchased
from Cell Signaling and detection was performed by enhanced chemiluminescence (Pierce,

Rockford, IL).

Racl activation assay. GTP-bound Racl was measured using the Rac activation kit from
Upstate Biotechnology according to the manufacturer’s instructions. Briefly, astrocytes were
lysed and incubated with PAK1 PBD-conjugated agarose beads. An aliquot of the lysate was
saved for Western blotting to ensure equal protein loading. Beads were washed in lysis buffer
containing protease inhibitors, boiled in Laemmli buffer and separated on SDS-PAGE gels for

Western blotting.

Retroviral constructs. The mTOR siRNA was generated using the siXpress Human H1 PCR
Vector System (Mirus, Milwaukee, WI; (14). Briefly, double stranded siRNA expression
cassettes were generated by PCR using H1 promoter and gene specific primers. Several gene-
specific sequences were tested for their ability to block mTOR or Pten protein expression. In
these experiments, we used an mTOR siRNA corresponding to nucleotides 139-152 of the Mus
musculus mTOR gene (NCBI Accession # NM_02009; sequence 5°-
CATCTAGCAACGTGAGCGTCCTGC-3’). A control expression cassette encoded the H1
promoter alone. The PCR expression cassettes were cloned into pCR2.1 (Invitrogen), digested

with EcoRI, and cloned into the MSCV.IRES.GFP retrovirus.



Viral transduction. MSCV.IRES.GFP retroviruses were transfected into 293T packing cells with
v helper DNA using Lipofectamine 2000 (Invitrogen) as previously described (14). Astrocytes
were passaged 7-8 days after dissection, treated with adenovirus (LacZ or Cre), and then
transduced with filtered supernatant from the 293T cells collected over a 36 hour period.
Transduced astrocytes were evaluated by fluorescence microscopy (Nikon Eclipse TE300
inverted microscope, Japan). Typically, more than 90% of astrocytes exhibited GFP expression,
indicating efficient viral transduction. Each experiment was performed 2-3 times with identical

results.

In vivo rapamycin treatment and immunohistochemistry. Rapamycin (Calbiochem) was
prepared in a vehicle containing 5.2% PEG-400/5.2% Tween-80. Two month old Nf//™:GFAP-
Cre mice were treated with daily injections (5 days/week) of rapamycin (5 mg/kg) or vehicle
alone in 100 pl total volume. After two weeks of treatment, the mice were perfused
transcardially with 4% paraformaldehyde, and the optic nerves dissected for paraffin embedding
and sectioning. Slides were deparaffinized in xylene and subjected to microwave antigen
retrieval. After washing and blocking steps, brain sections were incubated overnight with P-S6
(1:200) or NPM antibodies (1:1000) followed by incubation with biotinylated secondary
antibodies (1:200) at room temperature for 1-2 hours. Immunoreactivity was visualized with the
Vectastain ABC System and 3,3'-diaminobenzidine (Vector Laboratories, Burlingame, CA). All
sections were photographed with a digital camera (Optronics) attached to an inverted microscope

(Nikon).



RESULTS

Increased cell proliferation and cell motility as well as decreased actin stress fiber formation in
Nf1-/- astrocytes are mediated by mTOR.

Previous studies in our laboratory have demonstrated that Nf7-/- astrocytes exhibit a two-
fold increase in cell proliferation that is restored to wild-type levels by treatment with the mTOR
inhibitor rapamycin (Fig. 1A, 10). Under these conditions, there was no statistically significant
effect of rapamycin treatment on wild-type astrocyte proliferation. In addition, Nf7-/- astrocytes
exhibit a two-fold increase in cell motility and altered cell spreading, two processes that require
proper organization of the actin cytoskeleton (8,9, 15). Recently, mTOR has also been shown
to modulate actin cytoskeleton dynamics (16, 17). Based on these observations, we sought to
determine whether the increase in cell motility observed in NfI-/- astrocytes was also mediated
by mTOR. Using a Boyden chamber assay, the increase in NfI-/- astrocyte motility was
ameliorated by treatment with 10 nM rapamycin (Fig. 1B). As before, no effect of rapamycin on
wild-type astrocytes was seen. These data indicate that both increased astrocyte proliferation and
motility are mediated by mTOR-dependent signaling in NfI-/- astrocytes.

To extend our findings to other cytoskeleton properties, we next examined stress fiber
formation in Nf7-/- astrocytes. Actin stress fibers are bundles of filamentous actin that extend
through the cytoplasm and interact with membrane integrins at specialized regions of the cell
membrane called focal adhesions to anchor the cell to the extracellular matrix (18). Actin stress
fibers have been used as a model system to study actin cytoskeleton dynamics. To directly
visualize the actin cytoskeleton, we used fluorophore-labeled phalloidin, a fungal toxin that

specifically binds actin. Whereas wild-type astrocytes exhibit numerous actin stress fibers, NfI-



/- astrocytes have few stress fibers (Fig. 1C). In addition, we performed immunocytochemistry
for vinculin, a protein localized to focal adhesions (19). Consistent with a decrease in actin
stress fibers, vinculin-positive, membrane-localized focal adhesions were nearly absent in Nf7-/-
astrocytes whereas wild-type astrocytes had numerous focal adhesions (Figure 1C).

This stress fiber assay provided us with a tractable system to examine the effects of
rapamycin on actin cytoskeleton dynamics as a function of time of treatment. In these studies,
we treated wild-type and NfI-/- astrocytes with a low concentration of rapamycin (10 nM) for
various lengths of time (1 hour-24 hours). We observed a dramatic increase in actin stress fibers
and vinculin-positive focal adhesions in NfI-/- astrocytes even with 1 hour of rapamycin
treatment (Fig. 1C). In contrast, rapamycin had no effect on stress fiber formation or focal
adhesions in wild-type astrocytes.

To confirm that the effect of rapamycin on actin stress fiber formation was mediated by
mTOR, we introduced an mTOR-specific siRNA into wild-type and NfI-/- astrocytes.
Knockdown of mTOR expression was confirmed by Western blot (Fig. 1D). Similar to
astrocytes treated with rapamycin, genetic inhibition of mTOR in Nf7-/- astrocytes restored actin
stress fiber formation (Fig. 1D). Together, these data indicate that mTOR regulates actin

cytoskeleton dynamics and cell proliferation in NfI-/- astrocytes.

mTOR-dependent regulation of actin stress fiber formation occurs independently of 4EBPI and
S6K.

Because mTOR signaling underlies the hyperproliferation, increased cell motility,
decreased actin stress fiber formation (Fig. 1), and increased protein translation (10) in Nf7-/-

astrocytes, we next sought to determine which mTOR downstream effectors are responsible for



mediating these biological phenotypes. The best studied mTOR effectors are ribosomal S6
kinase (S6K) and elongation factor 4E binding protein 1 (4EBP1), proteins that regulate rates of
protein translation. First, we examined the activation status of these effectors using
phosphorylation-specific antibodies. While the target of S6 kinase, ribosomal S6, is robustly
hyperactivated in NfI-/- astrocytes, there was no change in 4EBP1 phosphorylation at
Thr37/Thr46 (Fig. 2A), two sites required for 4EBP1 inactivation and translation initiation (20).
These data suggest that 4EBP1 is not an important mediator of the mTOR-dependent
abnormalities in cell proliferation and actin cytoskeleton dynamics in NfI-/- astrocytes.

To directly examine the effect of S6K on actin stress fibers, we overexpressed human
S6K in wild-type astrocytes. While S6K overexpression in wild-type astrocytes resulted in
increased S6 activation (see Fig. SA), we observed no changes in actin stress fiber formation
(Fig. 2B). Similarly, rapamycin had no effect on actin cytoskeleton organization in S6K-
expressing astrocytes. Taken together, these data suggest that rapamycin-sensitive, mTOR-
dependent regulation of the astrocyte actin cytoskeleton occurs independently of the mTOR

effectors 4EBP1 and S6K.

Racl, but not PKCa is hyperactivated in NfI-/- astrocytes.

Recently, protein kinase C o (PKCa) has been implicated in mTOR-dependent regulation
of the actin cytoskeleton (17). PKCa is regulated by phosphorylation Thr500, Thr641, and
Ser660 and exhibits no activity without phosphorylation of all sites (21). Using a commercially-
available antibody specific for PKCa phosphorylated at Thr641, we observed no changes in the

PKCa phosphorylation in NfI-/- astrocytes compared to wild-type astrocytes (Fig. 3A).

Furthermore, PKCa activation was not sensitive to rapamycin treatment in astrocytes.



The small GTPase Racl has also been shown to act downstream of mTOR and modulate
actin stress fiber formation (16). Previous studies from our laboratory have shown that Nf7-/-
astrocytes have increased levels of active, GTP-bound Racl (9). To determine whether Racl
hyperactivation was mediated by mTOR signaling in astrocytes, we treated wild-type and Nf1-/-
astrocytes with rapamycin (10 nM) and assayed Racl activation. In these experiments, we found
that rapamycin blocked Racl hyperactivation in Nf7-/- astrocytes (Figure 3B), indicating that
Racl acts downstream of mTOR.

To determine whether Racl activation is required for the cytoskeleton abnormalities
observed in NfI-/- astrocytes, we inhibited Racl signaling using a mutant form of Racl
(RacI™') that functions in a dominant-negative fashion to inhibit the activity of endogenous
Racl. We found that the expression of Rac1™'” in NfI-/-, but not wild-type, astrocytes resulted in
a dramatic increase in actin stress fiber formation (Fig. 3C). Similarly, Rac1™'” expression also
restored the increased motility observed in NfI-/- astrocytes to wild-type levels (Fig. 3C). Taken
together, these data indicate that increased Racl activity resulting from rapamycin-sensitive
mTOR hyperactivation underlies the actin cytoskeleton abnormalities observed in NfI-/-
astrocytes.

Rac1 has also been shown to regulate cell proliferation in a variety of cell types (22, 23)
and Racl-/- mouse embryonic fibroblasts exhibit both impaired migration and cell proliferation
(24). To determine whether Rac1 regulates cell proliferation in NfI-/- astrocytes, we expressed
Rac1™" in wild-type and NfI-/- astrocytes and examined BrdU incorporation. While expression
of the dominant-negative Racl had little effect on wild-type astrocytes, it restored proliferation

of Nf1-/- astrocytes to wild-type levels (Fig. 3D). Taken together, these data indicate that Racl



is an important regulator of mTOR-dependent actin stress fiber formation, cell motility, and

proliferation in astrocytes.

Expression of nucleophosmin is regulated by mTOR in Nfl-/- astrocytes

Previous studies in our laboratory demonstrated that nucleophosmin (NPM) was one of
several proteins that is highly expressed in NfI-/- astrocytes (10). In addition, NPM is
overexpressed in a variety of neoplasms, including prostate, ovarian and colon cancers.
Moreover, Npm-deficient fibroblasts exhibit decreased proliferation (25). NPM is a nuclear
export protein that interacts with nucleolar components of newly synthesized ribosomes to
facilitate their transport from the nucleolus/nucleus to the cytoplasm and increase the rates of
protein synthesis (26). Expression of a NPM mutant that is unable to shuttle from the nucleus to
the cytoplasm blocks ribosomal export (26). In addition, treatment with rapamycin inhibits NPM
protein expression in mouse embryonic fibroblasts (27). In NfiI-/- astrocytes, we also found that
mTOR inhibition by rapamycin dramatically reduced NPM expression in NfI-/- astrocytes with
no effect on wild-type astrocytes (Fig. 4A).

To determine whether mTOR also regulates NPM expression in vivo, we employed a
mouse model of NF 1-associated optic glioma (NfI”"™;GFAP-Cre;7). For these experiments, we
treated 2 month old Nf™;GFAP-Cre with either rapamycin (5 mg/kg) or vehicle for 2 weeks
(10 doses; n= 5 mice/group). We found that rapamycin treatment dramatically reduced mTOR
pathway activation as evidenced by P-S6 immunohistochemistry (Fig. 4B). Moreover, NPM
expression was also decreased by rapamycin treatment. Together, these data demonstrate that

mTOR is a critical regulator of NPM expression in astrocytes both in vitro and in vivo.



Because S6K/S6 and Racl were the mTOR effectors activated in Nf7-/- astrocytes, we
next sought to determine whether either of these mTOR targets regulated NPM expression.
When S6K was overexpressed in wild-type astrocytes, there was no change in NPM expression,
despite an increase in S6 phosphorylation (Fig. 5A). This is in stark contrast to NPM regulation
in primary MEFs where S6K is a potent inducer of NPM protein expression (27) and highlights
the potential differences in mTOR signaling mechanisms between fibroblasts and astrocytes.
However, when Rac1™'" was expressed in Nfl-/- astrocytes, NPM expression was attenuated. No
change in S6 or Akt (data not shown) activity was observed following Rac1™'” expression in
Nf1-/- or wild-type astrocytes, again demonstrating that Racl functions downstream of mTOR.
Collectively, these results suggest that NPM functions downstream of mTOR and Racl via an

S6K-independent mechanism (Fig. 5B).

Nucleophosmin mediates alterations in actin cytoskeleton dynamics and cell proliferation in NfI-
/- astrocytes.

To determine whether NPM regulates actin stress fiber formation in NfI-/- astrocytes, we
used two complementary approaches to disrupt NPM function. One of the major roles of NPM
is to mobilize ribosomes from the nucleolus to the cytosol (26). To disrupt this process, we
expressed a mutant form of NPM (NPM double leucine mutant; NPMdL) that prevents NPM
shuttling from the nucleolus to the cytoplasm. Previous studies from our laboratory have shown
that this mutant behaves like a true dominant-negative protein, forming hetero-oligomers with
endogenous NPM and blocking endogenous NPM from shuttling from the nucleus to the
cytoplasm (26). Expression of the NPMdL mutant rescued actin stress fiber formation in Nf7-/-

astrocytes, but had no effect on wild-type astrocytes (Fig. 6A). Second, we took advantage of



the observation that NPM export from the nucleolus/nucleus is dependent on its interaction with
the nuclear export protein CRM1 (26). Leptomycin B is an antibiotic derived from Streptomyces
that binds to CRM1 to specifically block CRM1-dependent nuclear export (28). When Nf1-/-
astrocytes were treated with 20ng/mL leptomycin B, actin stress fiber formation was rescued
(Fig. 6A). As before, no effect of leptomycin B treatment on wild-type astrocytes was observed.
Next, we directly assessed the effect of increased NPM expression on actin stress fiber formation
in wild-type astrocytes. In these experiments, increased expression of His-tagged NPM resulted
in decreased actin stress fiber formation in wild-type astrocytes which was rescued by
leptomycin B treatment (Fig. 6B), similar to NfI-/- astrocytes. Together, these data demonstrate
that increased expression of functionally mobile NPM protein mediates the decrease in actin
stress fibers characteristic of NfI-/- astrocytes.

To extend these observations, we next examined the effect of inhibiting NPM function on
Nf1-/- astrocyte motility and proliferation. Similar to what we observed for rapamycin treatment

and Rac1™"’

expression, expression of the NPMdL mutant restored cell motility (Fig. 6C) and
proliferation (Fig. 6D) to wild-type levels. Together, these data indicate that NPM is a critical

mTOR effector important for regulating actin cytoskeleton dynamics and cell proliferation in

Nf1-/- astrocytes.

DISCUSSION

mTOR has been shown to integrate signals from a variety of extracellular inputs,
including growth factors, amino acids, glucose, ATP, and oxygen. In addition, mTOR-
dependent signaling modulates numerous cellular properties, including cell proliferation, cell

motility, and protein translation. We had previously found that NfI-/- astrocytes exhibit defects



in each of these properties, suggesting that Nf/-deficient astrocytes would represent a good
model system to examine the mechanisms underlying mTOR regulation of cell proliferation and
motility. In this study, we use both pharmacologic and genetic approaches to demonstrate that
the NfI gene product neurofibromin regulates actin stress fiber formation, astrocyte motility, and
astrocyte proliferation in an mTOR-dependent fashion. Using NfI-/- astrocytes, we further show
that neurofibromin regulation of these important biological properties are mediated by Rac1-
dependent modulation of NPM expression and function.

The ability of mTOR to regulate these diverse biologic properties is not unique to
neurofibromin. Studies on two other genetic disorders that predispose individuals to glioma
formation have revealed roles for mTOR pathway regulation of cell proliferation and motility.
Inactivation of the tumor suppressor gene PTEN, a negative regulator of phoshotidylinositol-3-
kinase (PI3K) signaling, causes Lhermitte-Duclos disease (29) and PTEN inactivation is the one
of the most common genetic changes observed in human gliomas (30). When Pten is inactivated
in astrocytes, astrocyte proliferation is increased in vitro and in vivo (31). Moreover, in a murine
glioma model, Pten inactivation promotes astrocyte invasion in vitro and in vivo (32). Similarly,
tuberous sclerosis complex (TSC) is caused by mutations in one of two genes, 7SC! or TSC2,
that negatively regulate mTOR signaling (33). Inactivation of either Tsc/ or Tsc2 results in
mTOR pathway hyperactivation in vitro and in vivo (34, 35) and inactivation of the Tsc1/2
complex promotes increased cell proliferation (36-38). Moreover, loss of Tsc/ results in
dramatic increases in NPM protein expression and NPM-dependent increases in ribosomal
biogenesis (27). The Tsc1/2 gene products also regulate actin cytoskeleton dynamics. Tscl/2
inactivation results in a decrease in actin stress fibers (39) while 7SC2 re-expression in 7SC2-/-

human cells promotes increased cell adhesion and decreased cell migration (40). In addition,



Tscl inactivation results in decreased focal adhesions, while 7sc/ overexpression promotes an
increase in actin stress fibers and associated focal adhesions (41). Consistent with these findings,
we have inactivated Pten and Tscl in primary astrocytes and, like Nf7 inactivation, these
astrocytes exhibit fewer actin stress fibers that can be rescued by short-term rapamycin treatment
(D.K.S. and D.H.G., unpublished observations). Together, these data indicate that mTOR has a
central role in the regulation of actin stress fiber formation, cell motility, and cell proliferation in
astrocytes.

mTOR signals through two distinct protein complexes, one that is sensitive to rapamycin
and one that is insensitive to rapamycin-mediated inhibition (16, 17). Based on our observations
that actin stress fiber formation in NfI-/- astrocytes was rescued by short-term rapamycin
treatment, we first examined mTOR signaling intermediates that are known to be sensitive to
rapamycin, 4EBP1 and S6K. However, our data show that 4EBP1 activation is not altered by
NfI inactivation and overexpression of S6K does not alter actin stress fiber formation in
astrocytes. These results suggest that neurofibromin regulation of mTOR signaling operates in a
rapamycin-sensitive manner involving effectors other than S6K and 4EBP1. Consistent with our
findings in astrocytes, S6K1/2 inactivation in mice impairs viability, but does not block cell
proliferation (42). Moreover, cell cycle progression in S6K1/2-/- mice remained sensitive to
rapamycin. In addition, Pfen inactivation in neurons results in an mTOR-dependent increase in
neuronal soma size, which occurs independent of S6K1/2 signaling (43).

In NfI-/- astrocytes, we found that another mTOR target, the small GTPase Racl, acts
downstream of mTOR to regulate actin stress fiber formation, cell motility, and cell proliferation.
We provide several lines of evidence that the small GTPase Racl acts downstream of mTOR to

regulate mTOR-dependent cellular processes. First, Racl hyperactivation in NfI-/- astrocytes is



robustly blocked by rapamycin treatment. Second, genetic inhibition of Racl in NfI-/- astrocytes

using the Rac1™”

mutant fails to block phosphorylation of the mTOR target ribosomal S6.
Third, while mTOR can initiate a positive feedback loop to activate the upstream kinase Akt, we
observed no changes in Akt activation following either short or long-term rapamycin treatment
in Nf1-/- astrocytes (D.K.S. and D.H.G., unpublished observations). These data indicate that
Racl activation in NfI-/- astrocytes is the direct result of mTOR and not compensatory Akt
activation. Finally, we demonstrate that genetic inhibition of Racl rescues actin stress fiber
formation in NfI-/- astrocytes, and restores NfI-/- astrocyte motility and proliferation to wild-
type levels. Together, these results indicate that Racl functions as an mTOR pathway signaling
intermediate that regulates actin cytoskeleton dynamics and cell proliferation in Nf7-/- astrocytes.
One clue as to how mTOR/Rac1 hyperactivation might regulate astrocyte proliferation
and motility derived from the observation that neurofibromin also regulates protein translation in
a rapamycin-dependent mechanism (10). Protein translation requires the synthesis of new
ribosomes, a process that requires both rRNA transcription and processing as well as active
shuttling of ribosomal proteins and RNAs from the nucleus to the cytoplasm. A key regulator of
ribosome nuclear export is NPM, which functions as a nuclear-cytoplasmic shuttling protein.
Recent studies have shown that NPM directly interacts with ribosomal subunits to facilitate their
nuclear export (26). In this fashion, NPM promotes an increase in the cytoplasmic pool of
actively translating ribosomes and increases protein synthesis rates. We show that NPM is
overexpressed in NfI-/- astrocytes in vitro and in a Nf/murine optic glioma model in vivo. This
is consistent with previous studies demonstrating that NPM expression is induced by mitogenic
signals (44, 45). Furthermore, we demonstrate that NPM expression is regulated by mTOR, as

mTOR inhibition by rapamycin inhibits NPM expression both in vitro and in vivo. This supports



previous studies demonstrating that NPM is highly expressed in Tsc-/- fibroblasts and is
blocked by rapamycin treatment (27).  This increase in NPM expression is due to increased
translation of existing NPM transcripts, as rapamycin treatment or 7sc/ re-expression suppresses
NPM translation (27).

Our data now show that the ability of NPM to shuttle between the nucleus and cytoplasm
is a critical step in NPM-dependent regulation of actin cytoskeleton dynamics and proliferation,
as inhibition of NPM shuttling using both genetic (NPMdL mutant) and pharmacologic
(leptomycin B) inhibitors rescues these phenotypes in NfI-/- astrocytes. The exact mechanism
by which NPM regulates cell motility and proliferation in astrocytes is currently unclear. It is
possible that NPM-mediated increases in cytosolic ribosomes could lead to the production of
specific proteins involved in cell motility and proliferation. In this regard, NPM associates with
mature ribosomes and actively translating polysomes in the cytosol (26), suggesting that it has
cytosolic functions at the polysome. At the polysome, NPM could regulate the translation of
specific mRNA transcripts by the polysome machinery or assist in this process by supplying
more cytosolic ribosomes available for translation. Support for this motion derives from a
previous study which demonstrated that mitogenic signaling by Akt or Ras has distinct effects on
the recruitment of specific mRNA transcripts to polysomes (46). When Akt or Ras signaling was
blocked by acute pharmacologic inhibition, there was little change in mRNA transcription but a
dramatic change in the profiles of polysome-associated mRNAs. Future studies examining the
profiles of actively translated proteins in wild-type and NfI-/- astrocytes may elucidate the
mechanism underlying NPM regulation of actin stress fiber formation, motility, and proliferation

in astrocytes.



Together, these studies indicate that neurofibromin/mTOR signaling regulates actin
cytoskeleton dynamics and cell proliferation in astrocytes and identifies Racl and NPM as
components of the mTOR signaling pathway. This study suggests that therapies that specifically
target these signaling molecules may prove useful for the treatment of NF1 and related disorders
characterized by mTOR pathway activation. As gliomas frequently exhibit mTOR pathway
activation (47) and NPM is highly expressed in human NF I-associated gliomas (D.H.G.,
unpublished observations), future studies aimed at understanding the molecular mechanisms that
govern mTOR/Racl/NPM regulation of astrocyte biology may lead to improved treatments for

these deadly cancers.
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FIGURE LEGENDS

Figure 1. Nfl-/- astrocytes exhibit mTOR-dependent increases in cell proliferation and cell
motility, as well as decreased actin stress fiber formation. (A) NfI-/- astrocytes exhibit a
two-fold increase in cell proliferation as determined by *H-thymidine incorporation which is
reduced to wild-type levels by treatment with 10 nM rapamycin. (B) NfI-/- astrocytes exhibit
nearly a two-fold increase in cell migration using a Boyden chamber assay, which is reduced to
wild-type levels by treatment with 10 nM rapamycin. (C) Serum-starved NfI-/- astrocytes
treated with 10 nM rapamycin (rapa) for 1 or 24 hours exhibit a dramatic increase in stress fiber
formation (phalloidin) and focal adhesions (vinculin) as determined by immunocytochemistry.
(D) Expression of an mTOR-specific siRNA rescues actin stress fiber formation in Nf7-/-
astrocytes. Western blotting of NfI-/- astrocytes confirmed that the mTOR siRNA inhibited
mTOR protein expression and pathway activation, as demonstrated by immunoblotting for
phosphorylated S6 (P-S6). Total S6 serves as a protein loading control. Scale bar= 200 pm

(20X). *, p<0.05

Figure 2. Decreased stress fiber formation in Nf1-/- astrocytes occurs independent of
4EBP1/S6K signaling. (A) 4EBP1 phosphorylation (Thr37/46) is similar in wild-type and NfI-
/- astrocytes while S6 phosphorylation (Ser240/244) is increased in NfI-/- astrocytes. Lysates
from wild-type (Nf1+/+) and NfI-/- astrocytes were run on the same gel in non-consecutive
lanes (black line). (B) Overexpression of S6K in wild-type astrocytes did not alter actin stress
fiber formation in wild-type or NfI-/- astrocytes using phalloidin cytochemistry. Scale bar= 200

um (20X). *, p< 0.05



Figure 3. mTOR-dependent Racl hyperactivation is required for decreased actin stress
fiber formation in Nfl-/- astrocytes. (A) The expression of activated PKCao (Thr638/641) is
similar in wild-type and NfI-/- astrocytes. Immunoblotting for total PKCa serves as a protein
loading control. (B) GTP-bound Racl was immunoprecipitated from wild-type and NfI-/-
astrocytes treated with DMSO vehicle or 10 nM rapamycin using PAK1-PBD affinity
chromatography. Equal protein loading was confirmed by immunoblotting for total Racl from a
lysate aliquot prior to precipitation. GTP-bound Racl was increased in NfI-/- astrocytes. Racl
activation and S6 phosphorylation, but not total protein (Racl, S6) expression, are blocked by

rapamycin treatment. (C) Expression of a dominant-negative Racl mutant (Rac1™'"’

) restores
actin stress fiber formation (phalloidin) and cell motility in NfI-/- astrocytes to wild-type levels
using phalloidin immunochemistry and Boyden chamber motility assay, respectively. (D)

Expression of Rac1™'” in NfI-/- astrocytes decreases cell proliferation, as determined by BrdU

incorporation. Scale bar= 200 pum (20X). *, p<0.05

Figure 4. Nucleophosmin expression is regulated by mTOR signaling in vitro and in vivo.
(A) Nucleophosmin (NPM) expression is increased in NfI-/- astrocytes. Expression of NPM
and P-S6 is inhibited by 10 nM rapamycin. Immunoblotting for total S6 demonstrates equal
protein loading. (B) P-S6 and NPM are expressed at low levels in wild-type murine optic nerve
(NfP'"), but are dramatically increased in a murine model of optic glioma (NfI/”"™: GFAP-Cre), as
shown by immunohistochemistry. Following rapamycin treatment in vivo, both NPM and P-S6

expression are decreased in the mouse optic gliomas. Scale bar=200 pm (10X).



Figure 5. NPM expression is regulated by Rac1™’, but not S6K, in Nf1-/- astrocytes. (A)
Overexpression of the mTOR downstream target S6K in wild-type astrocytes did not result in an
increase in NPM expression. Phosphorylation of the S6K target ribosomal S6, but not total S6
protein, was increased in astrocytes overexpressing S6K. (B) Expression of Rac1™' in NfI-/-

astrocytes decreases NPM expression, but does not attenuate S6 phosphorylation.

Figure 6. NPM mediates actin stress fiber formation, cell motility, and cell proliferation in
Nf1-/- astrocytes. (A) NPM function was inhibited genetically using a mutant protein
(NPMdL) that can not shuttle between the nucleus and cytoplasm, and pharmacologically using
leptomycin B, an inhibitor of CRM1-dependent nuclear export. Inhibition of NPM shuttling
activity either genetically or pharmacologically rescued actin stress fiber formation in Nf7-/-
astrocytes, but did not alter actin stress fibers in wild-type cells. (B) Overexpression of NPM
(MSCV.His.NPM) in wild-type astrocytes resulted in decreased actin stress fiber formation that
was rescued by leptomycin B. Expression of the NPM shuttling mutant NPMdL in Nf7-/-
astrocytes restored cell motility (C) and cell proliferation (D) to wild-type levels. Inhibition of

NPM shuttling function had no effect on cell motility or proliferation in wild-type cells. Scale

bar= 200 um (20X). *, p<0.05



6000 B 350 1

5000 300 7
250 4
4000
*
= o 200 I
& 30001 ( = [ *
o
I 150 A
2000
100 A
1000 50 1
0- 0
Nf1+/+ Nf1+/+ Nf1-/- Nf1-/- Nf1+/+ Nf1+/+ Nf1-/- Nf1-/-
Rapamycin — + — + Rapamycin — + — +
Nfl+/+ Nfl-/-

| phalloidin vinculin ” phalloidin vinculin |

DMSO

1 h. rapa

24 h. rapa

Nfl+/+ Nf1-/-

©
.
o]
[
o
© mTOR
control siRNA
-— mTOR
220 =
——
e )
30 =—

_— . S6

30 =

MTOR siRNA




2]=—

2] =

30—

30—

NfL1**+ Nf1--

W |8 | P-4EBP1 (Thr37/46)
¥ @ | 4EBP1

@ | P-S6 (Ser240/244)
s | — SO

MSCV.S6K

DMSO

rapamycin




B

Nf1+/+ Nf1-/-
D R D R

PAKL1 IP 21 =—| = - — Racl-GTP

Nfl+/+ Nf1-/-
D R D R
97—
— — s | P-PKCa
66 =
Q7 —
o —— = PKC
66 =
Nf1+/+ Nf1-/-

MSCV

RacIN!7

% BrdU (+) cells

21—@. .-“‘ Racl

P-S6

30 =

— o— — — S0

Nfl+/+
MSCV

Nfl+/+
Rac1N7

350 7
300 7
250 7
©» 200 7 *
E
150
i
100 T
50
0
Nfl+/+ Nfl+/+ Nfl-/- Nfl-/-
MSCV RacIN!7 MSCV RacIN7
*
Nf1-/- Nf1-/-
MSCV RacIN7



Nf1f

Nfi++  Nfl”

D R D R
46 — -
S6
30 —

Nf1/mut; GFAP-Cre

NPM

NPM

P-Sé6

Vehicle Rapamycin




NfL+/+ B NfL**  NfL*
- V  RacIN'7 v RaclNV

\Y% S6K
— 46 =—
- ‘ S6K o o NPM
66 =
46 =
S - | NPM P-S6
30 =-—
o s | P-S6
30 =—
w
) S - S6




MSCV.NPMdL MSCV

Leptomycin B

C

cells

3007

250

200

1507

100

507

T *
T
Nfl+/+ Nfl+/+ Nfl-/- Nf1-/-
MSCV NPMdL MSCV NPMdL

% BrdU (+) astrocytes

MSCV

HisNPM

HisNPM
+Leptomycin B

Nf1+/+
MSCV

Nfl+/+
NPMdL

Nf1-/-
MSCV

Nf1-/-
NPMdL




	cover.pdf
	sf298.pdf
	NF Report 07.pdf
	Sandsmark et al. submitted pdf CAN-06-4470.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




